A very flexible and versatile tunable mechanical grating platform is introduced, with which highly polarization-dependent mode coupling is observed for three types of air-silica microstructured fibers: hollow core fiber, hexagonal-boundary holey fiber (HHF), and circular-boundary holey fiber. The resonances of gratings showed highly polarization-dependent broadband coupling compared with conventional single-mode fibers due to their unique beat-length dispersions between the core and the cladding modes, which could find applications in wideband polarization-dependent loss compensation. We further present significance of the spatial symmetry of HHF in distinct mode coupling for different rotation angles around the fiber axis.
Polarization of optical signals has been one of the critical characteristics in fiber-optic applications. In optical communications, for instance, geometrical asymmetry in a device can break the degeneracy of two orthogonal polarization states in the fundamental fiber mode to result in polarization-dependent loss (PDL) and polarization mode dispersion (PMD), which can further distort signals, render bits inaccurate, and destroy the integrity of a network. 1, 2 Especially in the presence of PMD, PDL not only increases the system penalty but also limits the compensation of PMD. 3 There have been several devices for PDL compensation by using long period gratings (LPGs), 4 twisted-tilted fiber gratings, 5 and polarization controllers. 6 Recently an electronic controllable PDL compensator was reported by using a polarization maintaining fiber (PMF), 7 whose operating band, however, was limited to a narrow spectral range of a few nanometers.
In this Letter we investigate mode coupling in mechanical LPGs made of three types of air-silica microstructured fibers (ASMFs): a hollow core fiber (HCF), a hexagonal-boundary holey fiber (HHF), and a circular-boundary holey fiber (CHF). These ASMFs inherently have large refractive index contrasts between air and silica, which can induce high birefringence in the mode coupling by asymmetric stress. These fibers have shown very versatile photonic device applications 8, 9 based on their unique structure. However, it is only recently that polarizationdependent natures in beat-length dispersions between the guided modes in these fibers were reported along with broadband mode coupling. 10 These two natures, high polarization dependence and broadband coupling in the ASMFs, will therefore be of high value for applications in broadband PDL compensation.
In this Letter we report an experimental investigation of broadband highly polarization-dependent mode coupling in HCF, HHF, and CHF by utilizing an electronic tunable mechanical grating platform, for the first time to the best of our knowledge.
LPGs have been routinely inscribed over optical fibers on a V groove by applying pressure and subsequent microbending. 11 In this study we developed a tunable microbending platform (MBP) that provides continuous control of V-groove pitch and density, number of grooves per unit length, to control mode coupling resonances and intensities. The setup is shown in Fig. 1 , where a triangular V groove was mounted on overlaid rotational and transitional motorized stages. Note that the rotation of the V groove will result in a continuous pitch change with a range of 600 m to 2.5 mm in this study, while its linear translation will bring in continuous groove density modification as shown in Fig. 1 . The setup further provided the rotation capability around the fiber axis to investigate the dependence of the coupling on spatial symmetry, especially for the case of HHF. The microphotograph of the cross sections of the HCF, HHF, and CHF used in the experiments are shown in Fig.  1 . The diameters of the air hole and the ring core in HCF were 3 and 14 m, respectively. HHF had four layers of holes whose diameter varied from 3.8, 5.0, 5.0, to 4.4 m from the center to the outer layers. CHF also had four layers of holes whose size varied from 6 to 11 m. The central silica defects of HHF and CHF had diameters of 9 and 8 m, respectively.
When the phase-matching condition was provided by the MBP, the fundamental core mode coupled to the cladding modes in a CHF, a HHF, and a higherorder ring-core mode in HCF, respectively. In Fig. 2 transmission spectra of the LPGs made of HCF, HHF, and CHF by MBP are shown for various grating pitches. Here the light signal was an unpolarized white-light source. The total insertion loss was less than 1 dB for HCF and HHF and 2 dB for CHF LPGs. Figure 2 (a) shows transmission spectra of HCF-LPG, and a redshift was observed for increasing pitch period. In contrast, the HHF and CHF showed two distinctive features in terms of coupling wavelength shift. In the case of HHF, the coupling near 1600 nm at a pitch of 1 mm showed a blueshift with increasing pitch, as shown in Fig. 2(c) . The other coupling near 1200 nm, however, did not show any significant shift for changes in grating pitch. CHF also showed similar features, but the tendencies of coupling wavelength shift and fixed coupling wavelength were different from those for HHF. For CHF the coupling near 1050 nm at a 600 m pitch showed a redshift for increasing pitches as shown in Fig. 2(e) , while the other coupling near 1600 nm did not change.
For coupling HHF and CHF, contrasting responses are attributed mainly to beat-length dispersion between the coupled modes. As is evident from the measurements in Figs. 2(c) and 2(e), there are more than two cladding modes to couple to the fundamental mode with two dissimilar types of beat-length dispersion curves in both HHF and CHF. The beat-length dispersion for the mode coupling at approximately 1200 and 1600 nm in HHF and CHF, respectively, is assumed to have a steep slope near the resonance wavelengths so that the resonance does not show a significant shift for the changes in grating pitch. On the other hand, the other modes that showed a blueshift or redshift are attributed to slowly varying beatlength dispersion as a function of wavelength with relatively shallower slopes. In the case of HCF, we found that only one mode, which is the first excited mode in the ring core, is interacting with the core mode with a relatively shallower slope in the beatlength dispersion than HHF and CHF. Figure 2 also illustrates polarization dependence in the mode couplings of HCF, HHF, and CHF. The grating pitches were 2.5 mm, 1 mm, and 600 m for HCF, HHF, and CHF, respectively. Here we vary the input linear polarization state by using a linear polarizer, and monitor the output by an optical spectrum analyzer. When the linearly polarized light was injected into the LPGs, highly polarization-dependent coupling manifested distinctive spectra for two orthogonal polarization states. In Fig. 2(b) , HCF showed the characteristics of a polarization switch, where coupling near 1250 and 1400 nm correspond to two eigenpolarization states. FWHM of 70 and 110 nm and maximum coupling efficiency of 12 and 20 dB were achieved at resonances near 1250 and 1400 nm, respectively. The transmission spectra of the HHF LPG for various linear polarizer angles are shown in Fig. 2(d) . The changes in the input polarization states indeed resulted in distinctive resonance positions, one near 1550 nm and the other near 1570 nm, which corresponds to two eigenpolarization states. FWHM was 6 and 10 nm, along with maximum cou- pling strengths of 3.6 and 5.4 dB at 1550 and 1570 nm, respectively. The transmission spectra of the CHF LPG for various linear polarizer angles are shown in Fig. 2(f) . Similar to HCF and HHF, the different linear polarization states showed distinctive coupling positions, one near 1590 nm and the other near 1630 nm. FWHM was 18 and 16 nm, along with a maximum coupling of 9.3 dB and 7.5 dB near 1590 and 1630 nm, respectively (see Table 1 ). Comparing the FWHM of the resonant peaks, we could also assume a relatively shallower slope in beat-length dispersion in HCF than in the other fibers, which is consistent with previous discussions on the resonance peak shifts and in Fig. 2 . The optical signal near the resonant wavelength will experience the change in attenuation for these fibers. Note that these ranges of attenuation change as a function of input polarization and correspond to the range of PDL that can be compensated by the proposed device.
For HHF LPGs, we further investigated the role of hexagonal symmetry in mode coupling by rotating the fiber about its propagation axis. As illustrated in Fig. 3 , HHF has a structure with 60°angular symmetry in the cross section, and the direction of mechanical strain over the hexagonal structure could result in different mode coupling behavior. Rotating HHF under the tunable mechanical grating, (see Fig. 3 ) by 0°, 15°, and 30°, we measured the spectra, and the results are shown in Fig. 3 . Here we observed three different patterns for different angles at which the mechanical stresses are applied. Pattern (1) shows coupling near 1210 nm, while pattern (3) shows resonance at a shorter wavelength at approximately 1180 nm. On the other hand, pattern (2) was found to be the linear superposition of patterns (1) and (3). As HHF is pressed at different angles, the spatial symmetry of the cladding mode will result in a different birefringence and subsequently induce different beat lengths to change the spectral positions of the coupling.
In summary, we have experimentally analyzed polarization-dependent coupling in three types of air-silica microstructured fibers, HCF, HHF, and CHF, by using a mechanically tunable microbending platform. The phase-matching conditions could be flexibly tuned by changing the pitch and the groove density. HCF showed a broadband polarizationdependent coupling, whose FWHMs were 70 and 110 nm with corresponding PDL compensation ranges of 12 and 20 dB, respectively. HHF showed bandwidths of 6 and 10 nm and corresponding PDL compensation ranges were 3.6 and 5.4 dB. CHF had bandwidths of 18 and 16 nm, where the corresponding PDL compensation ranges were 9.3 and 7.5 dB. Further more, mode coupling in HHF was found to be dependent on the angular position where the stress was applied relative to the hexagonally spatial symmetry of hole arrangement. A very high potential of the proposed tunable mode coupling as a broadband wide dynamic range PDL compensator was confirmed for fiber-optic polarimetric applications. 
